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Introduction/ Motivation

Mass Properties
* Necessary to understand and control the flight dynamics of the vehicle.

mass
center of gravity (CG)
moments of inertia (MOls)
products of inertia (POls)

 Methods to determine mass properties:

Analytical models can also provide mass properties information, but must be sufficiently detailed as
a realistic representation of the system to be accurate.

Weight and balance procedures are usually used to determine mass and CG, while MOl and POI
require dynamic testing.

Spin-balance tables can provide accurate approximations of the CG and MOI, but these become
increasingly difficult to use as the size of the object being tested increases.

Pendulum-based methods can also be used. However, pendulum-based methods require significant
amounts of labor, materials, and time, leading to high costs and risk to the vehicle and schedule.
Frequency response function (FRF) testing has gained interest as an alternative methodology for
determining mass properties using a ground vibration test (GVT) setup. Frequency response function
testing analyzes the dynamic response of a test article and is often used to identify mode shapes and
natural frequencies of objects. The Dynamic Inertia Measurement (DIM) method utilizes FRF
information to determine mass properties.|



Dynamic Inertia Measurement (DIM) Method

 The DIM method has been in development at the University of Cincinnati and
has shown success on a variety of small scale test articles such as automobile
brake rotors, steel blocks, and other custom fixtures from the university.

* Attempts to apply the DIM method to larger test articles, however, have met

with limited success.
— X-38, Initial Iron-Bird Test Article

 The DIM method measures the inertia properties of an object by analyzing
the frequency response functions measured during a ground vibration test

(GVT).
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 The mass properties of an object are determined by measuring all forces and
moments acting on a body and the rigid body motion caused by these forces
and moments.
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Equations

The DIM method uses the rigid body forces, moments, and linear and angular accelerations to calculate the inertia
matrix. Equation 1 shows Newton’s second law simplified for constant mass which defines the relationship between

forces, mass, and linear accelerations
{F} = [M]{x} (1)

Equation 2 shows Euler’s second law for defining the relationship between moments, moments and products of
inertia, and angular accelerations. For this solution, the cross terms were ignored because the test articles are
assumed to be rigid to an extent that the vehicle rotation rate terms were small. Note that this assumption would

not hold for large, flexible structures.

{N} = [11{6} (2)

Applying the small angle assumption to the moment arms and combining the force and moment equations for six
degrees of freedom yields the 6x6 mass matrix for full rigid body motion as shown in Equation 3. All forces,
moments, and accelerations are measured quantities.

(Fy) T m 0 0 0 mZcg —mYeg] (X))
Fy 0 m 0 —mZcg 0 mXce || ¥
F, | 0 0 m mYeg —mXcg 0 4

< Ny (= 0 —mMZcg mYcg Ixx _Ixy —Ixz < Oy ( (3)
Ny mZcg 0 —mXce  —lyy lyy -1y, |16,

N/ |—mYce mXcg 0 —Ix, _Iyz Izz | kézj
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DIM Set-Up

All forces, moments, and
accelerations are measured
guantities. The forces and
moments are measured from
DIM-related 6-DOF force sensors
and shaker input sensors. The
accelerations are measured from
typical GVT accelerometers.

The ten unknown terms in the
mass matrix (M) are the mass (m),
CG location (Xg, Year Zog) With
respect to some point P, moments
of inertia (l,,, I,,, 1,,) calculated
about P and products of inertia

(Ly Lo 1) calculated about P.

F F Forces are
. applied directly
T i - ‘ ~--.__ toobject
/ System Being — T
| Measured .'
F _\\'T" -_> /// 3
Flexble = 5 DOF
Supports /77?7 Load Cells

Figure courtesy of :

Witter, M. C., “Rigid Body Inertia Property Estimation Using the Dynamic Inertia
Method, Master of Science thesis, Department of Mechanical Engineering,
University of Cincinnati, Ohio, 2000.
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Test Article

Two 8500-Ib 20-foot long, W14x426 steel I-beams were bolted together
off-center to model the approximate mass of fighter-type aircraft.

Since the test article was somewhat visually similar to an aircraft, it was
named the “iron bird.”

The iron bird was intentionally simple in design to ensure high reliability of
its analytical mass properties.




Analytical Model

Pro/ENGINEER® was used to analytically model the iron bird test article and obtain
the mass properties. Care was taken to apply as many realistic details to the CAD
model as possible including all holes and adding interface attachments in order to
ensure accuracy. The simplicity of the iron bird test article design was to ensure
the analytical CAD model could be treated as the “truth model.” The analytic mass
properties of the iron bird from the CAD model are shown below.

/ o o - Ix, I}'}'a L, Ixy- I, Iyz-
Mass.kg | Xee.m | Yeom | Zeom kg*m’ kg*m? kg*m? | ke*m? | (kg*m?) | kg*m?
7716.5 23 0.0 0.5 12700.6 172072 | 28503.1 0.0 -1398.8 0.0

Right Wing
Fuselage
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Left Wing




Pendulum Swing Tests

e Classical pendulum equations were used
to determine the moments of inertia

of the iron bird, all tests also required
swinging the fixture by itself in order to
subtract out the fixture mass properties
from the total combined iron bird and
fixture assembly.

« The moments of inertia about the x-axis
and y-axis used a compound pendulum
setup

| -
)]
o+
C
Q
(@)
<
O
| -
(q0)
)
(%]
)]
o
o
<
20
[
o70]
c
(@)
| -
o+
(%]
=
| -
<<
<
V)
<
P

e The z-axis MOI uses a bifilar torsional
pendulum setup




DIM Equipment

e Soft Support System
— 3-DOF Load Cells: Soft Supports

* 6-DOF Force Sensors: Reaction Forces

* Shakers: Excitation Input
— 3-DOF and 1-DOF Force Sensors: Excitation Force

e Accelerometers
* Laser Tracker System

Triaxial

Single-axis
accelerometer

accelerometers

Seismic
accelerometers |
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6-DOF Force Sensors

* Three 6-DOF force sensors were custom-made for the NASA AFRC
researchers by PCB Piezotronics, Inc. (Depew, New York).

 These unique sensors are an assembly of three 3-DOF piezoelectric
dynamic force sensors. The force sensors were placed between the iron
bird and the soft-support system.

6-DOF force sensors:
reaction
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\ 3-DOF force sensors:
soft supports




DIM Testing

e Test Model ,

8307
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DIM Testing

A total of 12 different DIM analysis cases using 54 test runs.
Restraints were added to the soft supports to create the DIM analysis range of 2-10 Hz.

PSMIF amplitude, (acceleration/force)2

Mode indicator ﬁmction

—— DIM2_007b_1010Y.afu -
Original

-—=—~ DIM2_011r_1010Y.afu -
Added constraint

—— DIM2_017s_1004Z.afu

-—=—- DIM2_018s_1004Z.afu -
Repeat of Run 17

——— DIM2_030s_1007Y.afu

-—-—- DIM2_031s_1007Y.afu -
Repeat of Run 30

-——- DIM2_032s_1007Y.afu -
Repeat of Run 30

13

8 10 12 14 16 18 20
Frequency, Hz
Mode Frequency. Hz Damp%ng: % Description
critical

1 0.72 8.52 Rigid body pitch
2 0.98 6.32 Rigid body roll
3 1.25 381 Rigid body yaw
4 1.56 6.21 Rigid body vertical
5 1.80 2.99 Rigid body fore-aft
6 1.99 291 Rigid body lateral

7 10.08 199 Starboard 60K3S canister X+/Y-
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DIM Testing

The iron bird DIM testing was conducted
at the NASA AFRC Flight Loads Laboratory
(FLL) from September 16, 2013 through
September 24, 2013. ATA Engineering, Inc.
(San Diego, California) was contracted to
assist with the iron bird DIM testing and to
perform analysis of the data

A total of twelve different DIM analysis
cases were conducted through the course
of 54 test runs. These runs included check-
out, single-shaker, multi-shaker, and
quiescent runs.

Both GVT and seismic accelerometers
were used to determine whether higher
sensitivity seismic accelerometers are
required

Amnalvais

case

Shaker
confizuration

Shaker excitation

Accelerometers

—t

Single

Random (0 to 100 Hz)

Selzmic

Single

Random {0 to 12 Hz)

Selzmic

Single

Sine sweep (1 to 20 Hz)

Selzmic

Single

Random (0 to 100 Hz)

GVT

Single

Fandom (0 to 12 Hz)

GVT

Single

Sine sweep (1 to 20 Hz)

GVT

(=T NE IR Y = S QU [ S WV )

Double

Random (0 to 100 Hz)

Selzmic

Double

Fandom (0 to 12 Hz)

Selzmic

=)

Double

Sine sweep (1 to 20 Hz)

Selzmic

—t
L]

Doubla

Random (0 to 100 Hz)

GVT

Double

Random {0 to 12 Hz)

GVT

ot |
It |

Double

Sine sweep (1 to 20 Hz)

GVT

14



DIM Analysis

e PSMIF for 2-shaker random 0-100Hz

- All DOF
‘ Mode indicator function Iron Bird DOF only
Iron bird
Rigid flexible modes
body
modes :
]

60K3S modes

PSMIF amplitude, (acceleration/force)2
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0 2 4 6 8 10 12 14 16 18 20
Frequency, Hz
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Normalized Error Function

i — (3Z +, 3Z4)
Auto spectrum ——— (5Z +, 5Z+)
— (22 +, 2Z+)

(1X +,1X+)
— (1Y +, 1Y+)

(BY +, 3Y+)
— (65X +,5X4)
——= (2X +, 2X+)
——— (3X +, 3X+)
——— (2Y +, 2Y+)
——= (12 +,1Z+)
—=—= (5Y +, 5Y+)

 Normalized error function
provides a method of
outlining outlier accels

-
9
w

Normalized errorz, m
-t
9
F-Y

e Seismic accels provided
cleaner data.

-
o
1

4]

-
9
(1

* Typical GVT accels
provided noisier data.

Frequency, Hz

— (53X +, 53X+)
Auto spectrum - - : o =—— (52X +, 52X4)
———— (55Z +, 55Z+)

(54Z +, 54Z+)
= (53Y +, 53Y+)
B (51Y +, 51Y+)
e (517 4, 51Z4)
| === (51X +, 51X+)
1 ——— (532 +,53Z4)
7] === (54X +, 54X+)
4] ——— (55X +, 55%+)
—=—=— (52Z +, 52Z+)

-
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Normalized errorz, m
-
(=]
I
@

g, VoY ! o
|1 W AR e R i
A e
\'1; A
'\."'{.. "ﬂu. % . 4

z’w

i
10~4 ' (52Y +, 52Y+)
- LR I 2y PPV | === (85Y +,55V4)
NN ™ WA AR NAYT a0 e (54Y +, 54Y+)
: YL 2\
1079 ;

Frequency, Hz 16
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DIM Results

The computed mass, MOI, POI, and CG values are plotted as a function of frequency for DIM
analysis case 1 in Fig. 11 for a 2- to 12-Hz DIM analysis. The mass, XCG and ZCG, three MOls,
and Ixz functions are relatively flat from 2 Hz to 12 Hz. The YCG, Ixy, and lyz functions exhibit
greater fluctuations, but since these values are nominally zero and the estimated values are
very small compared to the other CG and POl values, these fluctuations are to be expected.

Auto Spectrum

-
Y s 0 A 0 Oy g T T T ey

...........................
......
~~~~~~~~~~~~~~
-------------

........
..............
............

.........
-

mass property value

(,MASS)|
| = (XCG)
—(YCG) |

e ( ZCG)

— (X0
oY) |

—_—(izz) |

i i T i I ——

2 4 6 & 10 12

Frequency (Hz)

17



DIM Results

E-to 10-Hz fr=quency ranze

¢ Several parameters Of |Analysis MASS, | Maszs, | Moo, | Mooo | Yoo | Zoon | Zew | Do | Do | Iewe | Dewo | L | Lew | Diwe | D L. | Tva

&, &,

the DIM analyses Were l.:nie kg |%emor| m [%emor| m m | % emor| kgtm? P4 emor| kgtm? emar kz*m® [ emor kg*m? | kg*m? | % emor |kztm®

TORL [ 3408 | 2273 [ -DuE0% I:llll-]'-'B D485 [ 2.00% |12340.4(-2 0% (17516 02 30326052 1|-5. 30%:( -172.7 |-1106.2) -2 1.00%: | 1351

varied to investigate the == o wlim|ow
effects on the results.

0462 -2.70%2 | 12290.0(-3 30% (172706 1 500 26081 4-5 30%:( -117.0 [-1123.7]-19.80%: | 149.2

2224006 22.00 |-1144.2( 2838 5

T
=
LAy
oh
(=]

-1.00% [ 2271 [ -0.70% (0737|0230 |45 30%| 3|3 TG00 . -
1.80 0.70% (0 ] -45.30%{ 28043 E{IEI 17060 a0nm0%:]1267 1

7 (0 off-auis 7214 |-6.50%  2.283 | -0.10% (0.0432] 0320 -32.50%{ 00408 ) 21.70 (17441 .3]1.20% 248158 12.00 | -468.2 | 1387.1 190 -,ﬂp_ -5.0

Ifcu:e] . .

e Off-axis forces

1- to 12-Hz frequency ranze

Ambyis prass, | Mass, Moo | XHoo Yoo | fn| Zom Lix, Lix Lev. Lev, L, L Lov, | La Lir. Ly

kase kr |%emor | m | %emor | m | m | % emor |ketm? | % emor |kptm? temor kptmilke*m’| % emor kztod

[ ] F req u e n Cy ra nge I TA23 [ -120% (2278 D300 [O.0050461 -2600C 1229000 -320% 174708 1.50% PTOL0Y -5.20% F1Z0OORRI200B -1980°C |1873
o T.631 | -1.10% 2278 -030% 00100473 -0.70% (123900 -320% (173828 1.00% [7010.] -5 155101148 -20.30% |Z1B3
F155. 10084 5] -21.80%: (2751

S R B R e o S |

o
[
(=1
Cl
o

(=
[=]
[=1
)
B

i TO00 | -1.30% (2278 D4t [O013047) -1.00%: 122900 -330% (173828 1.00% RT0I0.]
B TAM(-310% (2290) 060% |002B)044§ -5200C (122031 -3.90% 166309 -3.10%

[ T.523 | -2.50% 23299 0.50% [0025)0.460 -3.400% (123031 -3.90% (166320 -3.30% [275374 -340% r114.1)-9423| -32.70% [-245.8

] 508 [ -2.70% |2299) 0.50% (00230437 3700 |12205.1] -3.90%: (165313 -320% (75081 -3.350% R1011.2)-9247) -33.80% 2078
i T.00 [ -S80% (2278 D30 (00640207 -37.70% | 06279 | -2430% (17207 -0o10% 42800 -1420%: (640.0/1630.0)-216.60%: 1298 5

I TA16| -320% (2271 0.70% [0.066)033Y -20.40% (10215.1) -10.60% (172658 0.30% [23703.8 -15.80% -593.61585.1|-213.40% [-418.5

3 T8 [ -T70% (2291 0.20% |0046/032H -30.80% |B508.5|-2440% 172658 040% (38764 -1620% -772.61506.5]-228 20%: |-350.2
18] 7063 -F00% (22900 060%  |0.056/0353 -25.60% |10096.1] -20.50% 16532 -3 80% 61911 -2.00% (2114 7100 |-151.40%: 4858
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L1 6,562 |-15.00% |2394] 0.50% [0.03B)0.463 -2.40% [11003.3)-13.30% (16651 -3.20% [26337.4 -7.60% (30142487 |-117.80% 3102
L2 T126| -T40% (2309 1.00% [0.043)0384 -18.60% (10096.1) -20.50% (16387 H -4.80% [25547.3 -1040% -561.9) B50.4 |-161.50% [-B34.0¢
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Summary of Results

The DIM method yielded results that matched within approximately 5 percent of
the analytical iron bird mass, CG, and MOI. The I,, POI did not match as well, having
with errors exceeding 20 percent, however, the DIM |, results were still better than
the 98-percent error from the pendulum-based testing results due to test setup
limitations (that is, shallow tilt angle).

Mlass, Masz, | X, o, Yo Yo, Lo, F L. Lo, Lev, Ii+. Iz L. Liz, | P
g prror | m |Yeemowr| m ®% errar m %emor| ke*m® |%emor| kptm® | %emor | ketm® |% emor| ketm | % emor
Amalytical
7716513 - I - q - 0475 - 127005 - 172072 - 28503.1 - -13988
Pendubmm swing
TO9B.B23 |-D2%:| 2287 0% 003 - 0475 0% 122618 | -3.3% | 179388 43% | 2TEIRG | -13%: | -27G54 |70
Cryoamic Ineriia Measurement
TEI 630 |-12%:| 3278 | 403% | D0 - D463 | -26% | 132009 | -338¢ | 174704 139 | 270107 | -5.2% | -11208 | 199%
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Recommendations and Considerations

The Dynamic Inertia Measurement (DIM) method is not yet a
fully mature technology for large aerospace vehicles.

* Re-test with iron-bird supported by bladder-type air springs
instead of 60K3S.

* Different ways of processing data.

 Method for selecting “flat spot”

* Uncertainty methods

e Spatial filtering

» Better understand the effects of force path

* Investigate the influence of gravity at low frequency.
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e Evaluate the effects of off-axis reaction forces.

* Investigate required redundancy for the excitation of the six rigid
body modes.
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Conclusions

The Dynamic Inertia Measurement (DIM) method shows promise for mass
properties testing applications involving large aerospace vehicles. There were
sources of error that required mitigation; for example, the soft-support system
introduced modes into the test data.

The next step in the maturation of the DIM method would be to apply the
technique to a full-scale aerospace vehicle.

The three soft support configuration allowed a maximum 2- to 12-Hz
frequency band from which to estimate inertia and center of gravity values.

Single-shaker configurations provided the best results.

The DIM mass properties testing method requires expensive sensors and
equipment.

Performing the DIM test can simultaneously provide the same modal
characteristics data used for ground vibration testing analysis.

The DIM method, with further development, may prove to be a more efficient
approach to estimating the mass properties of a large aerospace vehicle.
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Questions?
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